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SUMMARY

 

The brain tissue damage after stroke is mediated partly by inflammation induced by ischaemia–reper-
fusion injury where the complement system plays a pivotal role. In the present study we investigated
systemic complement activation and its relation to C-reactive protein (CRP), a known complement acti-
vator, and other inflammatory mediators after acute ischaemic stroke. Sequential plasma samples from
11 acute stroke patients were obtained from the time of admittance to hospital and for a follow-up
period of 12 months. Nine healthy gender- and age-matched subjects served as controls. The terminal
SC5b-9 complement complex (TCC), CRP, soluble adhesion molecules (L-, E- and P- selectin, ICAM,
VCAM) and cytokines [tumour necrosis factor (TNF)-

 

a

 

, interleukin (IL)-1

 

b

 

, IL-8] were analysed. All
parameters were within normal values and similar to the controls the first hours after stroke. Terminal
complement complex (TCC) increased significantly from 0·54 to 0·74 AU/ml at 72 h (

 

P

 

 

 

=

 

 0·032), reached
maximum at 7 days (0·90 AU/ml, 

 

P

 

 

 

<

 

 0·001), was still significantly increased at 12 days (0·70 AU/ml,

 

P

 

 

 

=

 

 0·009) and thereafter normalized. CRP increased significantly from 1·02 to 2·11 mg/l at 24 h
(

 

P 

 

=

 

 0·023), remained significantly increased for 1 week (2·53–2·94 mg/l, 

 

P

 

 

 

=

 

 0·012–0·017) and thereafter
normalized. TCC and C-reactive protein (CRP) correlated significantly (

 

r 

 

=

 

 0·36, 

 

P

 

 

 

<

 

 0·001). The
increase in TCC and CRP correlated to the size of infarction (

 

r 

 

=

 

 0·80 and 

 

P

 

 

 

=

 

 0·017 for TCC; 

 

r

 

 

 

=

 

 0·72
and 

 

P

 

 

 

=

 

 0·043 for CRP). No significant changes were seen for adhesion molecules and cytokines. In con-
clusion, transitory systemic complement activation takes place after stroke. The early rise in CRP and
the following TCC increase suggest a possible role for CRP in complement activation, which may con-
tribute to inflammation after stroke.
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INTRODUCTION

 

There is growing evidence that inflammation plays an important
role in the pathophysiology of stroke [1,2]. Brain tissue damage
after acute ischaemic stroke is mediated partly by inflammation
induced by ischaemia–reperfusion (I/R) injury [3]. One of the
major systems that may be involved is complement [4,5].

A role for complement activation in myocardial I/R injury
was suggested over 30 years ago [6]. Since Weisman 

 

et al

 

., in
1990, documented substantial reduction in the size of experi-
mental myocardial infarction in rats using the specific comple-
ment inhibitor sCR1 [7], a series of studies have confirmed their
findings [8–10]. Numerous investigations have demonstrated
that complement contributes to I/R injury in other organs such

as intestine [11], skeletal muscle [12] and kidney [13]. In con-
trast, the role of complement in cerebral I/R injury has been a
matter of controversy [14–18]. However, recent animal studies
suggest a role for complement in neuronal damage after experi-
mental stroke and show that inhibition of complement activa-
tion can reduce the size of brain infarction [19–21].
Furthermore, there is evidence that complement can also be
activated locally in human stroke [22], but except for a prelimi-
nary report published in letter form [23] there is no information
on systemic complement activation in stroke. In the present
study we used the soluble terminal complement complex (TCC)
as a marker of complement activation. TCC is a sensitive and
reliable complement activation product for the evaluation of 

 

in
vivo

 

 activation due to a low physiological concentration and a
relatively long half-life (1 h) in contrast to, e.g. C5a, which binds
rapidly to leucocytes and has a half-life of 1 min. Finally, in con-
trast to early activation products from, e.g. C4 and C3, TCC is
relatively stable 

 

in vitro.
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C-reactive protein (CRP) is a known activator of the comple-
ment system [24,25] and could also predict stroke [2,24]. A recent
study showed that CRP enhanced inflammation in ischaemic
myocardium by inducing local complement activation [26], and
preliminary data suggest a possible role between CRP and com-
plement activation in ischaemic stroke [23]. Furthermore, the
complement system participate in inflammation in CNS in general
[4], which could explain the local expression of adhesion mole-
cules and cytokines seen as a part of the inflammatory reaction
[27,28]. The relation between these inflammatory mediators and
complement activation in the systemic circulation after stroke has
not been studied previously. We therefore investigated systemic
complement activation after acute ischaemic stroke with empha-
sis on its relation to CRP, soluble adhesions molecules and proin-
flammatory cytokines.

 

MATERIALS AND METHODS

 

Study design

 

Patients with acute ischaemic stroke and acute hemiparesis were
included in this study.

The examination procedures were in accordance with institu-
tional guidelines and approved by the regional ethics committee.
Acute ischaemic stroke was defined as a focal neurological deficit
of sudden onset that persisted for 24 h, and with the presence of
cerebral infarction on computed tomography (CT) or magnetic
resonance imaging (MRI) scan. Patients with symptoms of ongo-
ing cardiovascular, acute infection, acute inflammatory or malig-
nant disease at stroke onset were excluded. Informed consent was
obtained from all study participants or their legal representative.

 

Patients

 

The demographic data are listed in Table 1. Eleven patients with
acute ischaemic stroke were included in this study. Mean age of
the patients was 70 ranging from 54 to 79 years. Nine healthy sub-
jects, matched for gender and age, with mean age of 71 years rang-
ing from 67 to 75 years, served as controls. Two patients had a
slightly elevated CRP level at the time of admission without any
clinical signs of infection or inflammation. The patients with

chronic diseases had no acute episodes of disease during the last
year before the stroke onset. All patients survived during the
study. None of the patients were treated with thrombolytic ther-
apy. All patients were examined with a CT scan. Patients 8 and 10
had no lesions on CT scan and were investigated further with an
MRI scan. Computer-assisted planimetry was used to calculate
the volume of infarction 5 and 7 days after admission. Eight
patients had infarction in the right hemisphere and three in the
left. Complications and volume of infarction are presented in
Table 1.

 

Laboratory procedures

 

Plasma samples were obtained at the following time-points after
stroke: 

 

<

 

4, 4, 8, 12, 24, 48 and 72 h, 7 and 12 days, 3 months and
1 year. Samples from controls were obtained at one time-point in
the same time-period as the patient samples were collected.
Venous blood was drawn into pyrogen-free EDTA tubes,
immersed immediately in melting ice. All samples were centri-
fuged and plasma was frozen at 

 

-

 

80

 

∞

 

C within 1 h after sampling.
The soluble terminal SC5b-9 complement complex (TCC) was
measured principally as described previously using an enzyme-
linked immunosorbent assay (ELISA) developed in our labora-
tory [29]. This assay is based on a monoclonal antibody (aE11)
specific for a neoepitope exposed when C9 is incorporated into
the TCC. The results are given in arbitrary units (AU) per millil-
itre, related to a standard of zymosan activated serum defined to
contain 1000 AU/ml. The original assay was modified slightly giv-
ing a reference range 

 

<

 

1·0 AU/ml. The modification was made in
the detection step with replacement of the polyclonal anti-C5
antibody with a monoclonal biotinylated anti-C6 antibody (clone
9C4 produced in our own laboratory) and subsequent enzyme-
linked avidin, giving a substantially lower background than in the
original assay. CRP was analysed by an immunonephelometric
assay on a BN II analyser (Dade Behring, Dortmund, Germany).
The soluble adhesion molecules ICAM, VCAM, P-, E- and L-
selectin and the cytokines tumour necrosis factor (TNF)-

 

a

 

,
interleukin (IL)-1

 

b

 

 and IL-8 were measured by ELISA (R&D
Systems, Minneapolis, MN, USA) according to the manufac-
turer’s protocol.

 

Table 1.

 

Pre- and comorbidity at onset, complications during the course and volume of infarction

Patient Pre- and co morbidity at onset Complications and time from onset

Lesion
volume
(cm

 

3

 

)

1 Healthy Fever (24 h), pneumonia (48 h) 340
2 Ankylosing spondylitis, mechanical aorta valve 12 years previously Pacemaker (5 and 10 days) 61
3 Diverticulitis, stable last year before onset GI-bleedings (13 days, 2, 5 and 5 months, 1 year) 5
4 Aortocoronary bypass 13 years previously, cholelithiasis, stable Urinary infection (7 days), pneumonia (14 days, 2 months) 150
5 Osteoporosis, probable TIA several years previously None 18
6 Ischaemic stroke 9 years previously, post-infarction epilepsy, stable None 34
7 Healthy Fever (48 h), urinary infection (72 h) 45
8 Hypertension, myocardial infarction 7 and 3 years previously, Urinary infection (12 h) 1

TIA 2 years before onset
9 Hypertension, kidney damage with high creatinine, Pneumonia (48 h), post-infarction epilepsy (9 months) 59

myocardial infarction 5 years before onset
10 Healthy None 1
11 Mechanical heart-valve 11 years previously, osteoporosis Fracture and infection (4 h, 20 days), urinary infection 

(19 days)
64
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Statistical analyses

 

All data were analysed with the statistical program SPSS for Win-
dows, version 11·0. Student’s 

 

t

 

-test was used to evaluate the dif-
ferences between groups. Logarithmic transformation was made
for data which were not normally distributed. Pearson’s correla-
tion test was used to evaluate linear relationship between vari-
ables. For the correlation coefficients the area under the curve
(AUC) was computed. Eight patients had a sufficient number of
observations for reliable calculation of AUC. The data in text and
figures are expressed as a mean and standard error of the mean
(s.e.m.). A 

 

P

 

-value 

 

<

 

0·05 was considered significant.

 

RESULTS

 

TCC

 

There was no difference in TCC concentration between stroke
patients at the stroke onset and controls (mean 0·54 and 0·51 AU/
ml, respectively; 

 

P

 

 

 

=

 

 0·73). TCC increased significantly from 0·54
to 0·74 AU/ml at 72 h (

 

P 

 

=

 

 0·032), reached maximum to 0·90 AU/
ml at 7 days (

 

P

 

 

 

<

 

 0·001), was still increased to 0·70 AU/ml at
12 days (

 

P 

 

=

 

 0·009) and normalized thereafter to 0·64 AU/ml
(Fig. 1). The TCC concentration correlated significantly with the
CRP concentration (

 

r 

 

=

 

 0·36, 

 

P

 

 

 

<

 

 0·001). TCC also correlated
closely with the size of infarction (

 

r 

 

=

 

 0·80, 

 

P

 

 

 

=

 

 0·017) (Fig. 2a),
but not with infections.

 

CRP

 

There was no significant difference in CRP concentration
between stroke patients at the stroke onset and controls (mean
5·4 and 3·1 mg/l, respectively; 

 

P

 

 

 

=

 

 0·49). CRP increased signifi-
cantly from 6·2 to 14·4 mg/l (

 

P 

 

=

 

 0·023) at 24 h, remained signifi-
cantly increased to 41·4 mg/l (

 

P 

 

=

 

 0·012) at 48 h, 40·7 mg/l

(

 

P 

 

=

 

 0·007) at 72 h and 38·0 mg/l (

 

P 

 

=

 

 0·017) at 7 days (Fig. 3).
Thereafter CRP decreased to 24·5 mg/l (

 

P 

 

=

 

 0·07) at 12 days and
normalized to 9·1 mg/l (

 

P 

 

=

 

 0·26) at 3 months. In contrast to
TCC, CRP was markedly elevated in patients who developed
infection (

 

n

 

 

 

=

 

 6) with mean 30·3 mg/l compared to patients with-
out infection (

 

n

 

 

 

=

 

 5) with mean 6·1 mg/l. The difference between
these to groups was significant (

 

P

 

 

 

<

 

 0·001). There was a signifi-
cant correlation between CRP and volume of infarction in the
whole patient group (

 

r 

 

=

 

 0·72 and 

 

P

 

 

 

=

 

 0·043). In the group of
patients without infection there was a highly significant correla-
tion between CRP and size of infarction (

 

r 

 

=

 

 0·99 and 

 

P

 

 

 

=

 

 0·024)
in contrast to the group of patients who developed infections
(

 

r 

 

= -

 

0·18 and 0·88) (Fig. 2b).

 

Soluble adhesion molecules and cytokines

 

There were no significant changes for soluble adhesion molecules
(L-, P-, E-selectin, ICAM and VCAM) or cytokines (TNF-

 

a

 

, IL-
1

 

b

 

, IL-8) during the course.

 

DISCUSSION

 

Activation of complement leads to inflammatory reactions with
potentially harmful effects in numerous diseases [5]. As a major
defence mechanism against infection, the complement system has
the unique property of discriminating between self and non-self
[30]. However, complement may also be activated in the absence
of microbes, e.g. in autoimmune conditions where immune com-
plexes may cause activation in a self-destructive manner [31]. Fur-
thermore, complement activation contributes to tissue damage in
ischaemic- and trauma-related conditions [32]. Inflammation,
induced  by  the  I/R  injury,  is  an  important  mechanism of the
brain tissue damage after acute ischaemic stroke [33], where

 

Fig. 1.

 

The terminal complement complex (TCC) in plasma from patients with acute ischaemic stroke. Plasma concentration of TCC in
11 patients with acute ischaemic stroke at the following time-points from onset: 4, 8, 12, 24, 48 and 72 h, 7 days, 12 days, 3 months and
12 months. TCC increased significantly at 72 h, reached maximum at 7 days, was also significantly increased at 12 days and thereafter
normalized. Note that the 

 

x

 

-axis is broken between 12 days and 3 months. *

 

P

 

 

 

<

 

 0·05, **

 

P

 

 

 

<

 

 0·001. The data are shown as a mean 

 

±

 

 standard
error of the mean (s.e.m.).
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complement plays a central role [3]. Experimental animal studies
indicate that the complement system plays a role in tissue damage
after cerebral infarction and inhibition of complement can reduce
cerebral infarct volume [19–21].

In the present study we show for the first time that systemic
complement activation occurs after ischaemic stroke. A previous
preliminary report suggested that such activation might take
place [23]. These data were, however, based on quantification of
C3 and C4 and thus valid only as an indirect indication of 

 

in vivo

 

activation, as lowered concentrations of C3 and C4 may be due to
decreased synthesis and do not necessarily imply increased acti-
vation. The authors suggested classical pathway activation based
on the C4 results. It should be emphasized, however, that C4 also
participates in the mannose-binding lectin (MBL) pathway acti-
vation and that this pathway was found to be activated in major
human I/R injury [34].

The activation we observed in the present study took place
within the first week after the stroke. It is reasonable to suggest
that this activation might have harmful effects not only on the
brain, but on remote organs as well. Thus, unfavourable effects on

remote organs after I/R injury has been demonstrated previously
[35,36]. This may be due to the effects of biologically highly active
products such as C5a, which are released during fluid-phase com-
plement activation. Because TCC is the final activation product in
the complement cascade, detection of TCC implies that all
upstream activation products are formed. It should be noted that
TCC, like most biological parameters, shows interindividual
variation. The fact that TCC was not increased immediately after
the infarction makes it possible to obtain a baseline reference
value for calculation of the post-infarction increase for each indi-
vidual patient.

In our study we found no correlation between increased TCC
and development of infections after stroke. This indicates that the
infections were localized and not disseminated, as complement
would be activated systemically only in the latter case [37]. How-
ever, we found a significant correlation between TCC and volume
of infarction, suggesting that the local necrosis after some days
leads to a systemic activation of complement, induced possibly by
release of complement-activating substances from the lesion. An
alternative candidate for the complement activation we observed
is CRP, which is a known activator of the classical complement
pathway [24]. Complement plays a crucial role for tissue damage
in myocardial infarction. Co-deposition of complement and CRP
has been documented in myocardial infarction [26]. There is a
well-known association between increased CRP and ischaemic
stroke [38–40], and a role for CRP in initiation of inflammation in
ischaemic stroke as well as for long-term prognosis has been pos-
tulated [41–43]. In the present study we found a significant cor-
relation between increases in TCC and CRP. The early rise in
CRP and its correlation with subsequent TCC increase suggests a
possible role for CRP in complement activation after stroke,
which may be similar to that described for myocardial infarction.
Complement is activated when CRP is bound to a surface or sub-
strate and not by soluble CRP only [24]. This may explain that
TCC did not increase in the patients with infection who had high
levels of circulating CRP. The close correlation between the size
of infarction and TCC in all patients and between CRP and size of
infarction in patients without infection suggests that both TCC
and CRP mirror the cerebral tissue damage systemically in acute
stroke.

Cytokines and soluble adhesion molecules are well-known
mediators of inflammation as well as indicators thereof. Several
studies have shown changes both in adhesion molecules [44–46]
and proinflammatory cytokines after acute ischaemic stroke
[47–50]. In our study we found no changes in adhesions mole-
cules or cytokines. This does not exclude local production of
these mediators as large amounts are required to be detected
systemically. Furthermore, the relative small sample size of the
patient population might have led to statistical Type II errors, as
modest changes were observed for several of the products. Our
data indicate that both CRP and TCC are more sensitive sys-
temic markers of the inflammatory reaction taking place after
acute ischaemic stroke than are the adhesion molecules and
cytokines.

In conclusion, we have demonstrated a transitory systemic
complement activation which takes place after acute ischaemic
stroke in humans. The early increase in CRP and correlation with
subsequent TCC increase suggest a possible role for CRP in
inducing complement activation. This activation may contribute
to the inflammatory process and tissue damage, both in brain and
in remote organs, after acute ischaemic stroke.

 

Fig. 2.

 

TCC and volume of infarction (a). Correlation between TCC and
volume of infarction in patients without infection (

 

n

 

 

 

=

 

 3; open circles)
and with infections (

 

n

 

 

 

=

 

 5; closed circles). The correlation between
increased TCC and volume of infarction was significant (

 

r 

 

=

 

 0·80;

 

P

 

 

 

=

 

 0·017). CRP and volume of infarction (b). Correlation between CRP
and volume of infarction in patients without infection (

 

n

 

 

 

=

 

 3; open cir-
cles) and with infection (

 

n

 

 

 

=

 

 5; closed circles). The correlation between
increased CRP and volume of infarction was significant for the whole
group (

 

r

 

 

 

=

 

 0·72; 

 

P

 

 

 

=

 

 0·043) as well as for the group of patients without
infections (

 

r 

 

= 0·99; P = 0·024). The broken lines indicate 95% confidence
interval.
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